receptor changes were studied. Methods and results: Media explants of porcine coronary arteries were incubated with moderately Ž . elevated LDL concentrations 0.7-3.9 mmolrl . The density of b-adrenergic receptors was determined in plasma membranes using the w 125 x Ž . Ž radioligand I iodocyanopindolol. LDL 3.9 mmolrl resulted in a decrease of b-adrenergic receptor density control 137 " 5 vs. . 89 " 7 fmolrmg protein, P -0.01 . After removal of LDL and cultivation for an additional 3 days b-adrenergic receptors increased to 129 " 5 fmolrmg. In the presence of the b -or b -adrenergic receptor antagonists the LDL-mediated decrease was inhibited. Addition of 1 2 metoprolol after 3 days of LDL incubation caused a restoration of receptor density. The basal, isoproterenol-and forskolin-stimulated adenylyl cyclase activities were increased after LDL incubation by 180, 110 or 80%, respectively. Conclusion: Moderately elevated LDL levels decreased b-adrenergic receptor density while adenylyl cyclase activity was simultaneously increased. b -or b -adrenergic 1 2 receptor antagonists prevented this receptor decrease and might preserve the b-adrenergic receptor density in the presence of moderately elevated LDL levels. q
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Introduction
In the early phase of the development of coronary heart disease, vasospasms can be observed even before typical w x histopathological changes are detectable 1-5 . It is clear that a complex cross talk between vasodilating b-adrenergic receptors and LDL receptors occurs since an increase Ž . of cAMP levels cyclic adenosine monophosphate results in an elevated expression of LDL receptors. In animal studies with maximal cholesterol levels of 25.8 " 5. 4 Ž . mmolrl 10-fold above controls b-adrenergic receptors w x decreased in heart plasma membranes by about 30% 6 . However, it has been shown that vasoregulation is changed at much lower serum LDL concentrations of about 5.7 " ) Ž . Ž . Corresponding author. Tel.: q49 7071 298-2711; Fax: q49 7071 360245; E-mail: 101566.341@compuserve.com w x 1.0 mmolrl 3 and that mild oxidation of LDL leads to a w x changed vasomotor activity 7,8 . In this study, we postulate a relationship between mod-Ž . est elevations of LDL between 0.7 and 3.9 mmolrl and both the density of b-adrenergic receptors and their ability to activate adenylyl cyclase -the enzyme which brings about vasodilation by increasing cAMP. Furthermore, the effects of selective b -or b -adrenergic receptor antago- 1 2 nists on LDL-induced receptor changes were analyzed.
Methods
w 125 x Žw 125 x . I Iodocyanopindolol I ICYP, 81.4 Tbqrmmol w 32 x
Žw 32 x and a-P adenosine triphosphate a-P ATP, 111 . Germany . Human LDL was obtained from one male patient suffering from heterozygous familial hypercholesteremia with a TGCrCGC mutation in codon 113 of exon 4 of the LDL-receptor gene. The presence of any additional familial defective apolipoprotein B-100 was exw x cluded by temperature-gradient gel electrophoresis 9 . The subject's LDL levels were 11.5 mmolrl without any treatment and between 6 and 7 mmolrl immediately before the LDL-apheresis treatment. During the study period the patient was only on pravastatin 40 mgrday, taken in the evening. The LDL was removed from the patients plasma w x using dextran sulfate apheresis as described previously 9 , and was eluted from the dextran sulfate column using Ž . physiological 0.9% sodium chloride solution. The LDL cholesterol concentration in the eluate was 11.4 " 0.8 mmolrl. A major concern of this study was whether the LDL obtained from our patient was typical for that of healthy individuals. Receptor downregulation studies, however, confirmed that this was the case since LDL obtained from a healthy individual provided identical results. Because large amounts of LDL were necessary for performing the experiments, a healthy person could not be used alone for acquiring the LDL. Pravastatin was taken only in the evenings so that at the time when apheresis was Ž . undertaken mid-afternoon , only negligible levels were Ž . present in the plasma its plasma half-life is only 2 h . The LDL was collected in a sterile bottle and used within 2 days for the experiments.
Tissue preparation and incubation

Ž
. Adult pigs 100-120 days, body weight about 100 kg of either sex, without medication or treatment, were sacrificed as part of a liver transplantation research program. The heart was immediately excised after the liver had been removed. All further preparations were done at 48C. The Ž coronary arteries left descending, right coronary artery . and left circumflex branch were dissected and for further processing the adjacent fat and myocardium were removed. The trimmed arteries were placed in 50 ml ice-cold Ž culture medium Dulbecco's modified essential medium . plus HEPES, pH 7.4 and the adventitia was removed Ž . under a microscope Leica . The remaining vessel was dissected longitudinally and the endothelial layer was Ž . scraped off. Parts of the coronary arteries 5 mm were frozen in isopentane which had previously been cooled in w x liquid nitrogen 10 . Cross sections were stained with hematoxylin and eosin for histological examination to confirm the absence of endothelial cells and adventitia. Ž The media explants were then cut into small pieces 1-2 The incubation was stopped by adding ice-cold phos-Ž . phate-buffered saline PBS, pH 7.4 and washing the media explants three times with PBS. Finally, plasma membranes were prepared from these media explants. Cultivation of media explants for 14 days resulted in a migration and proliferation of smooth muscle cells.
Porcine coronary arteries were used because healthy human coronary arteries were not available. w x adrenergic receptor selectivity than does metoprolol 14 and ICI 118.551 has a 300-fold higher b rb selectivity 2 1 w x 15 .
Oil red O stain
An oil red O stain was used to detect the LDL internalized into smooth muscle cells. Cells were grown on cover slips either with LDL-containing serum-free growth medium or without LDL. After fixation with 1.5% glu-Ž taraldehyde, cells were incubated in oil red O solution 10 mg in 1 molrl acetone diluted 1:100 with phosphate . buffered saline, 258C, 1 h and washed with phosphate buffered saline.
Measurement of total LDL and oxidized LDL
Total LDL was measured with a LDL assay from Ž . Boehringer Mannheim Germany according to the manufacturer's instructions. The amount of oxidized LDL was Ž . Ž isolated and media explants prepared. These were grown with serum-free medium control or serum-free medium supplemented with LDL LDL 2.6 . mmolrl, dashed lines for 3 days. In crude plasma membranes of controls and treated explants the density of b-adrenergic receptors was determined using w 125 x the radiolabeled b-adrenergic antagonist I ICYP in saturation isotherms. Non-specific binding was the residual binding in the presence of high Ž y6
. concentrations of alprenolol 10 molrl, straight line . The average of five different sets of experiments are shown using least-square curve fitting techniques based on the law of mass action. The affinities of the receptor for the radioligand were unchanged after LDL incubation. measured according to the method of Niehaus and Samuelw x Ž . son 16 . Thiobarbituric acid reactive substances TBARS of oxidized LDL were measured in this procedure in order to rule out the possibility of marked oxidation. LDL was Ž . oxidized with 8 ml H O 0.1% for 3 days and compared 2 2 with the LDL containing growth medium. TBARS were measured in order to be comparable to the LDL in the growth medium. The LDL which was used showed at the end of the LDL incubation low TBARS indicating that the Ž . LDL was minimally oxidized Table 1 . However, since the formation of TBARS is a dynamic process these values only reflect the end point. Furthermore, it was demonstrated that LDL showed lower susceptibility for oxidation w x after LDL apheresis 17,18 .
Plasma membrane preparation
For preparing plasma membranes, coronary media ex-Ž plants were homogenized in 40 ml of buffer A 50 mmolrl . Tris-HCl, 5 mmolrl EDTA, pH 7.4 using a Polytron Ž homogenizer Kinematika, Switzerland, 10 000 Urmin,
. w x probe 10, 3 = 10 s, at 48C 19 . After sedimentation Ž . 350 = g, 5 min, 48C the supernatant was filtered through two layers of gauze. After the second sedimentation step Ž . 48 000 = g, 10 min, 48C the pelleted membranes were Ž resuspended using a tight fitting pestle Ikra, Germany, . 800 Urmin, 3 = 10 sec, 48C and washed twice in 40 ml Ž . buffer A by centrifugation 48 000 = g, 10 min, 48C . The Ž final pellet was resuspended in 50 mmolrl Tris-HCl pH . 7.4, 48C to give a final concentration of 0.2-0.4 mg proteinrml and used immediately for the various assays w x 19,20 . To obtain the so-called 'light vesicles' the supernatant of the first 48 000 = g spin was centrifuged at w x 160 000 = g 19 .
Radioligand binding
b-Adrenergic receptor density was determined on the plasma membranes by radioligand binding using the radiow 125 x w x labeled b-adrenergic receptor antagonist I ICYP 21 . For saturation isotherms increasing concentrations of the Ž . radioligand 15-500 pmolrl in 50 mmolrl Tris-HCl, Ž 258C with plasma membranes approx. 10-20 mg pro-. teinrtube . The incubation was stopped by rapid vacuum filtration on Whatman GFrC filters. The filters were Ž . washed 3 = 4 ml, 50 mmolrl Tris-HCl, pH 7.4 and counted in a g-counter with a counting efficiency of 80%. Non-specific binding was determined as the residual bind-Ž y6
. w x ing in the presence of alprenolol 10 molrl 21 .
For b-adrenergic subclassification to b -and b -adren- 1 2 w 125 x oceptor subtypes, I ICYP was incubated at a concentration of 0.05 nmolrl with the b -adrenergic receptor antag- . of the b-agonist isoproterenol 10 -10 molrl . The Ž . incubation 45 min, 258C was performed in the presence or absence of the non-hydrolyzable GTP-analog guanylim-Ž Ž .
y4
. idodiphosphate Gpp NH p, 10 molrl in order to identify the guanine nucleotide sensitive 'high affinity state' of w x the receptors 22-24 . Control experiments, which were Ž . performed with or without LDL 2.6 mmolrl directly in the binding assay, showed no difference in the number of maximal binding sites and the affinity for the radioligand Ž . used data not shown . In competition experiments, LDL Ž . 2.6 mmolrl was added directly to the reaction mixture. No competition with the radioligand for receptor binding was observed.
Adenylyl cyclase assay
Adenylyl cyclase activity was determined by using w 32 x Ž . a-P ATP approx. 2 mCirtube final concentration as Ž the substrate in a final incubation volume of 100 ml final Ž . concentration: 75 mmolrl Tris-HCl pH 7.4 , 6 mmolrl MgCl , 1 mmolrl DTT, 1 mmolrl EDTA, 10 mmolrl . acetate 125 mmolrl ; the labeled cAMP was separated on w x alumina columns with a recovery of 80-90% 25 .
Protein was measured by the method of Bradford using w x bovine serum albumin as standard 26 . 
Statistical analysis
'high affinity state' was determined using a 'two site one ligand fit' according to the law of mass action.
Results
Decrease of b-adrenergic receptors after LDL incubation
Isolated media explants were incubated either with serum-free growth medium or with serum-free medium supplemented with LDL at a concentration of 2.6 mmolrl for three days. Chronic LDL incubation led to a significant 25% decrease in the b-adrenergic receptor density of plasma membranes obtained from the media of porcine Ž coronary arteries 137 " 7 to 102 " 5 fmolrmg, P -0.01, . n s 5 . The affinity of the b-adrenergic receptors for their Ž radioligand was unchanged K , control 36 " 11 pmolrl, Ž not change during LDL incubation 80-20%, data not . shown .
Cell Õiability and cholesterol accumulation
In order to test the viability of the smooth muscle cells, media explants were cultivated for 14 days in the presence Ž . of serum-free medium Fig. 2a or medium supplemented Ž with various concentrations of LDL 0.7, 1.3, 2.6, 3.9 or . 5.1 mmolrl, Fig. 2b . The proliferation and migration of smooth muscle cells served as parameters to indicate cellular viability. After 12-14 days, both migration of cells from the explants and proliferation could be shown; this confirmed the viability of the smooth muscle cells which were identified using immunocytochemical stains incorporating antibodies against a-actin. No migration or proliferation of cells from media explants could be seen after incubation with LDL at 5.1 mmolrl because these explants were not attached to the culture dishes. Therefore these explants were not included in the experiments.
Oil red O stain was applied to detect intracellular lipid accumulation. In media explants grown with serum-free medium for 12 days smooth muscle cells migrated from the explants and accumulated small amounts of cholesterol in their cytoplasm. Smooth muscle cells cultured in the presence of 2.6 molrl LDL showed an increased accumulation of cholesterol. In comparison to controls, smooth muscle cells appeared larger and contained fewer nucleoli. 
Dose-response of LDL-induced decrease in b-adrenergic receptors
Incubation of media explants for 3 days with LDL Ž concentrations varying between 0.7 and 3.9 mmolrl n s . 4 showed a dose-dependent decrease in the number of Ž . b-adrenergic binding sites Table 2 . LDL at a concentration of 3.9 mmolrl reduced b-adrenergic receptor density by 35%. Thus, all further experiments were continued with a LDL concentration of 2.6 mmolrl. 
Time course of b-adrenergic receptor decrease
ReÕersibility of b-adrenergic receptor decrease after LDL incubation
Ž Media explants were grown for 3 days with LDL 1.3 . mmolrl and 2.6 mmolrl . The LDL containing growth medium was then removed and media-explants were grown under serum-free conditions for an additional 4 days where Ž . the growth medium was changed every other day n s 3 .
Ž . LDL incubation 1.3 and 2.6 mmolrl, n s 3 decreased Ž a b-adrenergic receptors dose-dependently P -0.05, Table  . 3 . Further cultivation in LDL-free growth medium for 3 Ž b days resulted in a normalization of receptor density P -. 0.05 .
Effect of b-blockade on the LDL-mediated decrease of b-adrenergic receptors
Ž Media explants were incubated with LDL 2.6 mmolrl, . 3 days, n s 4 and the b-adrenergic receptor antagonists Ž y6 . metoprolol, bisoprolol, or ICI 118.551 10 molrl re-Ž . spectively Table 4 .
Metoprolol or bisoprolol prevented the LDL-mediated Ž a . downregulation of b-adrenergic receptors P -0.05 . The b -adrenergic antagonist ICI 118.551 also counteracted 2 this downregulation, albeit to a lesser extent.
In another experiment, media explants were incubated for three days with 2.6 mmolrl LDL after which metopro-Ž y6 . lol 10 molrl was added to the growth medium for another 4 days. Addition of metoprolol increased the badrenergic receptor density almost to control levels after 4 
Ž
. days despite the fact that LDL 2.6 mmolrl was still Ž . present in the growth medium P -0.05, data not shown .
Functional coupling of b-adrenergic receptors in media explants after incubation with moderately eleÕated LDL
In order to elucidate the functional significance of the decreased density of the b-adrenergic receptors, the ability of the receptors to form the guanine nucleotide-dependent 'high affinity state' and their capacity to activate adenylyl cyclase was determined. In media explant cultures without supplemented LDL about 52% of the receptors bound the Ž . b-agonist with high affinity K 2.5 " 0.3 nmolrl , while dh 48% of the receptor population in the plasma membrane Ž bound the b-agonist with low affinity K 70 " 15 dl . nmolrl . By addition of the non-hydrolyzable GTP-analog Ž . Ž y4 . Gpp NH p 10 molrl the curve was both shifted to the right and steeper, which indicated that all receptors bound Ž . the b-agonist with low affinity Fig. 4 . In LDL-treated explant cultures, 49% of the b-adrenergic receptors were able to form the agonist-promoted 'high affinity state'. These data suggest that b-adrenergic receptors can form the agonist promoted 'high affinity state' after LDL incubation and that there is no uncoupling of the receptor from its guanine nucleotide-binding protein.
Sensitization of adenylyl cyclase after moderately eleÕated LDL
The responsiveness of adenylyl cyclase to stimulation was used as a means to assess the functional significance of the decreases in b-adrenergic receptor levels observed Ž . Fig. 5 . Since circulating catecholamines bring about vasodilation by activating both b -and b -adrenergic recep- 1 2 tors, the unselective b-agonist isoproterenol was used.
The unstimulated basal activity of adenylyl cyclase was Ž . enhanced after LDL incubation 2.6 mmolrl, 3 days by Ž 180% control, 280 " 20; LDL, 500 " 35 pmolrmg pro-. teinr10 min . The isoproterenol-stimulated adenylyl cy- . 600 " 40 pmolrmg proteinr10 min . Adenylyl cyclase activated by forskolin was increased by 80% after LDL Ž incubation for 3 days control, 477 " 28; LDL, 696 " 34 . pmolrmg proteinr10 min .
Discussion
Vasodilation is already decreased in the presence of moderately elevated LDL although no atherosclerotic lew x sions can be detected 3 . Changes in b-adrenergic receptors and second messenger pathways have not been fully characterized for the onset of hypercholesteremia with moderately elevated levels of LDL.
The data in this study show that moderately elevated LDL levels result in a subsequent decrease of functionally coupled b-adrenergic receptor density without changing the ratio of b -to b -adrenergic receptors. Interestingly, It is important to note that in that study cholesterol levels were 10-fold higher than those used in our study. The higher membrane cholesterol concentrations led to a decrease in Na q rK q -ATPase activity and other w x membrane bound enzymes 29 . Marmosets maintained on a high fat and cholesterol diet exhibited a 3-fold increase w x in endothelin B receptor mRNA levels 30 . Nanda and Henry found increased a-adrenergic and serotonergic receptors in aortas of rabbits fed with a high cholesterol diet w x for ten weeks 31 .
As such, a specific LDL-modulating effect on these different receptor types appears to exist.
Lurie et al. assessed the effects of hypercholesteremia on b-adrenergic receptor concentration after a six week w x hypercholesteremic diet regime in a quail model 32 . Erythrocytes showed no significant change in b-adrenergic receptor density. The difference from our study may lie in the fact different cholesterol concentrations were used and that animal models were investigated.
Another explanation for the decreased binding of the radioligand to the membranes of media explants grown in the presence of LDL could be that the b-adrenergic receptors became sequestered in light vesicles. Such an effect has already been shown for agonist-mediated downregulaw x tion of b-adrenergic receptors 33,34 . However, this effect was ruled out because the light vesicles showed no w 125 x I ICYP binding at all. Another explanation could be that the LDL exerted a cytotoxic effect and thereby reduced the number of smooth muscle cells and the receptor density. However, this was ruled out by the fact that in the presence of LDL and metoprolol, the b-adrenergic receptor concentration actually increased. These results suggest that increased degradation andror decreased receptor synthesis may be responsible for this form of b-adrenergic receptor downregulation.
Since the antagonist competition curves showed that the ratio of b -to b -adrenergic receptors did not change 1 2 another experimental approach was carried out. Downregulation of b-adrenergic receptors could be prevented in the presence of the specific b -adrenergic receptor antagonists no strong evidence that any one of the two receptors was preferentially downregulated. As well as ruling out a cytotoxic effect for LDL, the fact that the LDL-mediated b-adrenergic receptor decrease was reversed by subsequent metoprolol addition indicates that an 'empty' receptor and an antagonist occupied receptor have different effects on cellular signalling and thereby alter regulatory mechanisms w x in different ways 19 . Such a situation has already been confirmed for endothelin-binding sites in smooth muscle cells whereby incubation with an endothelin receptor antagonist brought about an increase in endothelin receptor w x density 35 .
After LDL incubation, b-adrenergic receptors were able to form the agonist promoted 'high affinity state' and thus activate adenylyl cyclase. This implies that changes in the fluidity and rigidity of plasma membranes uncoupled the receptor from its corresponding G-protein and that badrenergic receptors maintained their function.
In our study we found an increased activity of adenylyl cyclase, although in hypercholesteremic quails adenylyl w x cyclase activity was found to be decreased 32 . These contrasting observations may have arisen either because hypercholesteremia was induced in a different fashion, or that the quail study was in fact an in vivo study.
As this study showed, adenylyl cyclase activity in media explants of coronary arteries could be activated by 180% compared to control levels. However, stimulation by isoproterenol or forskolin amounted to only 110 or 80% of control levels respectively. These data imply an upregulation of adenylyl cyclase activity towards an increased basal activity in conjunction with a lower responsiveness to isoproterenol or forskolin. This suggests that adenylyl cyclase is maximally activated when LDL concentrations are moderately elevated. In the early phase of atherosclerosis development, an increased vasoconstriction due to increased endothelin or a-adrenergic receptors is well w x known 5,30,31 . An increased basal adenylyl cyclase activity might be useful for enforcing vasodilation in the presence of only low concentrations of epinephrine. An increased vasodilatory activity would therefore be useful for counteracting augmented vasoconstrictor mechanisms.
